A new type of organic visible-blind UV-PDs is demonstrated by utilizing phosphorescent material Ir(III)bis[(4,6-difluorophenyl)-pyridinato-N, C 2 0 ] picolinate (FIrpic) as the electron donor and [6,6]-phenyl-C-61-butyricacidmethylester (PCBM) as the electron accepter, respectively. The peak responsivity of the organic UV-PDs is as high as 140 mA∕W, corresponding to an external quantum efficiency of about 48%, under 365 nm UV light with an intensity of 0.018 mW∕cm 2 . The distinct photoluminescence quenching of FIrpic is obtained by doping PCBM. The organic UV-PDs provide visible-blind performance with the strong photocurrent response in the UV-A region, the rise and fall times of less than one second, and linear response within the incident light-intensity range from 0.018 to 20 mW∕cm 2 .
Organic ultraviolet photodetectors (UV-PDs) have attracted much more attention due to low fabrication cost, mechanical flexibility, easy large-size manufacture, wide selection of materials, and many other advantages compared with their inorganic counterparts [1, 2] . The photodetection mechanism of organic UV-PDs is similar to the mechanism of organic solar cells [3] . Responsivity, as a critical parameter of organic UV-PDs, is codetermined by three processes: light absorption, exciton dissociation, and charge collection. Accordingly, the external quantum efficiency (EQE) of organic UV-PDs can be estimated as η EQE η absorption × η dissociation × η collection , where η absorption is light absorption efficiency, η dissociation is exciton dissociation efficiency, and η collection is charge collection efficiency [4] . To obtain high η dissociation , exciton diffusion length should be adequately long, allowing excitons to arrive at the donor/accepter interface before decay [5] . The exciton diffusion length depends on two key factors: exciton diffusivity and exciton lifetime [6] . For the purpose of enhancing the exciton diffusion length, organic material with either high exciton diffusivity or long exciton lifetime should be adopted. Phosphorescent materials might be suitable candidates as they often have much longer exciton lifetimes compared with fluorescent materials. Much attention has been devoted to phosphorescent accepters and sensitizers in organic photodetectors and solar cells [4, [7] [8] [9] . Organic UV-PDs employing phosphorescent materials as electron donors are rarely reported.
Phosphorescent material Ir(III)bis[(4,6-difluorophenyl)-pyridinato-N, C
2 0 ] picolinate (FIrpic) is one of the most efficient blue emission materials [10] . It is well known that Ir 3 ion in FIrpic relaxes the spin-conservation law and leads to the intersystem crossing from singlet to triplet states [11] . A long lifetime of triplet exciton results in the long exciton diffusion length for FIrpic material [12] . The exciton dissociation efficiency may be relatively high when FIrpic material is doped with another material with strong electron-withdrawing ability and proper energy level, such as [6, 6] -phenyl-C-61-butyricacidmethylester (PCBM) [13] .
Moreover, in order to dispense with the filters that reduce the undesired incident visible and infrared photons, so called "visible-blind" organic UV-PDs are required to be sensitive to UV light and insensitive to visible light [14] [15] [16] . FIrpic has weak absorption in the visible light region due to the wide bandgap of about 2.8 eV, which is beneficial to the visible-blind performance. Besides, although the bandgap of PCBM is as narrow as 1.7 eV, PCBM still provides relatively weak absorption in the visible light region, compared with that in the UV light region [17] . Therefore, the organic UV-PDs using FIrpic:PCBM blend films as active layers might achieve visible-blind performance.
In this study, a new type of organic visible-blind UVPDs is demonstrated by utilizing phosphorescent material FIrpic as the electron donor and PCBM as the electron accepter, respectively. Due to the long exciton lifetime of FIrpic, the peak responsivity of the organic UV-PDs is as high as 140 mA∕W, corresponding to an EQE of about 48% under 365 nm UV light with an intensity of 0.018 mW∕cm 2 . The distinct photoluminescence (PL) quenching of FIrpic was obtained by doping with PCBM. The organic UV-PDs provide visible-blind performance with the strong and broad photocurrent response band in the UV-A region, the rise and fall times less than one second, and linear response within the incident light-intensity range from 0.018 to 20 mW∕cm 2 . The schematic diagram of the organic UV-PDs is shown in Fig. 1 . The ultrathin layer of poly(3,4-ethylenedioxythiophene)-poly-(styrenesulfonate) (PE-DOT:PSS) was spin-coated on the indium-tin oxide (ITO) glass substrates (sheet resistance 15 Ω∕square) at 3000 round per minute (rpm) for 40 s. The PEDOT: PSS-coated ITO glass substrates were dried in air at 120°C for 10 min. FIrpic were mixed with PCBM at 1∶1 weight ratio, and the mixture was dissolved in chloroform to prepare a 50 mg∕ml solution. The blend solution was spin coated on PEDOT:PSS-coated ITO glass substrates at 800 rpm for 40 s. Then an aluminum cathode layer of about 100 nm was deposited on the organic active layer through a shadow mask under 10 −3 pa vacuum conditions. The active area is about 3 mm × 3 mm, which is defined by the overlap of ITO anode and Al cathode.
PL spectrum was measured by a Perkin Elmer LS-55 spectrophotometer. Absorption and transmittance spectra were measured by a Shimadzu UV-3101 PC spectrophotometer. Current density versus voltage (J-V) curves of the organic UV-PDs were recorded by a Keithley 2410 Source Meter in the dark and under illumination of 0.5 mW∕cm 2 365 nm monochromatic light through ITO anode side. Photocurrent as a function of time was measured using the same light source through an optical chopper. Photocurrent as a function of incident light intensity was measured at −13 V, under illumination of 365 nm monochromatic light with different intensities. Spectral responsivity was measured at −13 V, with a Keithley 2410 Source Meter and a xenon lamp coupled to a monochromator as the light source. The monochromatic light was monitored and calibrated by a Newport 818-UV power meter and Acton SpectraPro 2150i CCD spectrometer. All the measurements were carried out in an ambient atmosphere at room temperature.
The PL spectrum of neat FIrpic film was measured and is shown in Fig. 2 . The PL spectrum shows three emission peaks at about 476, 500, and 530 nm, respectively. According to Wang's report, the lifetimes of these three emission peaks at about 476, 500, and 530 nm are about 0.243, 0.394, and 0.968 μs, respectively [10] . The inserted image of Fig. 2 shows the photographs of the neat FIrpic and FIrpic:PCBM blend solutions under 365 nm UV light. The PL blue emission of FIrpic blend solution was observed; however, the PL emission of FIrpic in FIrpic: PCBM blend solution could not be observed under the same excitation condition. It means that the photogenerated excitons might be efficiently dissociated in the FIrpic:PCBM blend solution.
A series of organic UV-PDs were fabricated using the FIrpic:PCBM blend films as active layers for further study of the photoresponse characteristic and mechanism of FIrpic:PCBM blend films. The J-V characteristic curves of the organic UV-PDs were measured in the dark and under 0.5 mW∕cm 2 365 nm UV light, as shown in Fig. 3 . The dark J-V curve shows that the dark current density is about 1.1 × 10 −3 mA∕cm 2 at −13 V bias, indicating a low background signal of the organic UV-PDs. It is apparent that the photocurrent density is much higher than the dark current density, indicating that adopting phosphorescent material FIrpic as the donor is an available method to gain a high photosensitive characteristic. The photocurrent density is 8.4 × 10 −4 mA∕cm 2 at 0 V bias, and 3.4 × 10 −2 mA∕cm 2 at −13 V bias, indicating significant increase of the photocurrent density, along with the applied bias. The increase of photocurrent density might result from the enhancement of exciton dissociation and charge collection. It is known that the reverse bias can strengthen the internal field, since the applied field and the built-in field are in the same direction. Braun reported an important refinement to Onsager's theory, which explains the dynamic process of exciton dissociation, pointing out that the exciton dissociation is strongly field-dependent [18] . It means that the strengthened internal field can improve the exciton dissociation. Moreover, the internal field can drive the free charge carriers to transfer toward electrodes and reduce charge carriers recombination, resulting in the better charge carriers collection [19] . Therefore the reverse bias is beneficial to the photocurrent response of the organic UV-PDs.
The current density of organic UV-PDs as a function of time was recorded under a square-wave UV light source and is plotted in the insert of Fig. 3 to further characterize the speed of such response. The current density of organic UV-PDs shows a trend of fast increase when UV light is turned on and a trend of fast decrease when UV light is turned off. Both the rise and fall times of organic UV-PDs at −13 V are less than 1 s, representing rapid photocurrent response. Here, rise and fall times are defined as the times that photocurrent rises from 10% to 90% and falls from 90% to 10% of the maximum, respectively [20, 21] .
In order to further demonstrate the dependence of photocurrent on incident light intensity, the photocurrent densities at −13 V bias were measured under different incident light intensities and are shown in Fig. 4 . The organic UV-PDs show a linear response within the incident light-intensity range from 0.018 to 20 mW∕cm 2 . The calculated EQE in this range is decreased along with the increase of the incident light intensity, as shown in the insert of Fig. 4 . The decrease of EQE may be attributed to the limitation of the photon-harvesting ability under strong light and the reduction of charge collection at large charge carrier density. Li et al. reported that photocurrent loss may increase along with the serial resistance [22] . When the incident light intensity is lower than 0.018 mW∕cm 2 , the photocurrent is sharply decreased mainly due to charge trapping. Guo et al. reported that the effect of the charge traps might be distinct when the density of photo-generated charge carriers is comparable to the density of charge traps [23] . Under the lower UV light intensity, the photo-generated charges may be efficiently trapped, rather than collected by electrodes. The organic UV-PDs show a peak responsivity of 140 mA∕cm 2 at 0.018 mW∕cm 2 , with an EQE of 48% and a detectivity of 2.4 × 10 11 Jones. The responsivity is comparable to the responsivities of most commercial inorganic UV-PDs (100-200 mA∕W) [24] . Responsivity (R) is calculated as R J ph ∕I in , where J ph is the photocurrent density and I in is the incident light intensity. Detectivity (D ) is calculated as D R∕2qJ d 1∕2 , where J d is the dark current density and q is the elementary charge, if the shot noise is the major contribution of the dark current as expected [25] .
The spectral responsivity of organic UV-PDs was measured and is shown in Fig. 5 . The organic UV-PDs provide a strong and broad photocurrent response band in the socalled "UV-A" region, in which the solar UV radiation reaching Earth's surface mostly locates [7, 26] . The organic UV-PDs show weak photocurrent responses in the visible light region and deep-UV light region. The responsivity is decreased to 20% of its maximum when the wavelength of incident light is longer than 420 nm or shorter than 310 nm.
For the purpose of further understanding the causes of such spectral responsivity, the absorption spectra of the neat FIrpic, neat PCBM, and the FIrpic:PCBM blend films were measured and are shown in Fig. 5 , and the transmittance spectrum of the ITO glass substrates used in this study was measured and is shown in the insert. Both the neat FIrpic and PCBM films show strong and broad absorption in the UV light region, peaking at 380 and 336 nm, respectively. In the band below 330 nm, the absorption of FIrpic is attributed to the ligand-centered metal perturbed. And, in the range longer than 330 nm, the absorption of FIrpic is attributed to the metal-to-ligand charge transfer [27] . The absorption spectrum of FIrpic:PCBM film is a superposition of the absorption spectra of FIrpic and PCBM materials. It is apparent that the response cutoff at the longer wavelength is attributed to the poor absorption of FIrpic and PCBM materials. The transmittance of the ITO glass substrates is more than 75% for the light wavelength longer than 350 nm. And the transmittance is sharply decreased to about 1% at 300 nm. It is apparent that the response cutoff at the shorter wavelength is attributed to the poor transmittance of ITO glass substrate in the deep-UV light region. Zhang's group demonstrated organic UV-PDs with high responsivity in deep UV light region by using quartz as substrate and highly conductive PEDOT:PSS (PH1000) as anode [28] .
In conclusion, a new type of visible-blind organic UVPDs is demonstrated by utilizing phosphorescent material FIrpic as the donor and PCBM as the accepter, respectively. The peak responsivity of the organic UVPDs is as high as 140 mA∕W, corresponding to an EQE of about 48% under 365 nm UV light with an intensity of 0.018 mW∕cm 2 . The distinct PL quenching of FIrpic is obtained by doping PCBM. The organic UVPDs also show visible-blind performance, rise and fall times of less than one second, and linear response within the incident light intensity from 0.018 to 20 mW∕cm 2 . It is believed that introducing appropriate phosphorescent materials as donors is a promising method to improve the performance of organic UV-PDs due to their long exciton lifetime.
